The taxonomy of the mycolic acid-containing actinomycetes has undergone extensive revision in recent years. The use of chemotaxonomy in actinomycete taxonomy has provided reliable and reproducible methods for identifying nocardioform bacteria. Actinomycetes that exhibit wall chemotype IV consisting of meso-diaminopimelic acid as the diamino acid and arabinose and galactose as major sugars (28) and contain mycolic acids have been placed in the families Nocardiaceae (with the genera Nocardia, Rhodococcus, Gordona, and Tsukamurella), Corynebacteriaceae, and Mycobactenaceae, which form a phylogenetically coherent group (14) .
The nocardioform actinomycetes can be differentiated on the basis of the presence and size of their mycolic acids (14, 16, 31) . Corynebacteria have short-chain mycolates (20 to 38 carbon atoms), nocardiae, rhodococci, and gordonae have mycolates of intermediate size (46 to 60, 34 to 52, and 48 to 66 carbon atoms, respectively), and tsukamurellae and mycobacteria have long-chain mycolates (64 to 78 and 60 to 90 carbon atoms, respectively). Menaquinone composition is another taxonomic marker that can be used for classifying nocardioform bacteria and is somewhat genus specific. In particular, true Nocardia spp. contain hexahydrogenated menaquinone 8 in which the two units at the end are cyclized [MK-8(H4 wcycl)] as the predominant component (7) . Members of the genus Corynebacterium contain either MK-8(H2) or MK-9(H2), Tsukamurella spp. contain MK-9, Rhodococcus spp. contain MK-8 (HJ, and Gordona and Mycobacterium spp. contain MK-9(H2) as the predominant menaquinones (14) .
Nocardioform actinomycetes are widely distributed in nature and have been isolated from soil, freshwater, marine water, and sediments (16) . Rhodococci, nocardiae, and mycobacteria have wide catabolic potentials and are able to use a range of organic compounds as sole sources of carbon and energy. These organisms have been found to degrade a variety of aliphatic hydrocarbons and aromatic compounds and to transform several xenobiotic compounds (12, 17, 18,21,23,25, Apajalahti et al. (1) isolated a pentachlorophenol-mineralizing actinomycete, which they described as the new species Rhodococcus chlorophenolicus, with strain PCP-I as the type strain. A recent analysis of the mycolic acids of this organism revealed that they are longer than originally reported and that the species should be placed in the genus Mycobacterium. In this paper we describe chemotaxonomic and nutritional characteristics of three independently isolated chlorophenol-degrading strains and provide additional information on type strain PCP-I. We propose that R. chlorophenolicus should be transferred to the genus Mycobacterium as Mycobacten'um chlorophenolicum. 34, 39, 51) .
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . The chlorophenol-degrading bacteria were independently isolated from enrichment cultures prepared with chlorophenol-contaminated soil and sludge obtained from different geographic locations in Finland. Strain PCP-IT (R. chlorophenolicus) (T = type strain) was isolated from a mixed culture that originated from a chlorophenol-contaminated lake sediment sample (1) . A second strain, designated CG-1, was isolated from a tetrachloroguaiacol-degrading mixed culture obtained from a bark chip biofilter inoculated with sludge from an aerated lagoon in which pulp and paper mill effluents were treated (24) , and a third strain, designated CP-2, was isolated from a pentachlorophenol-degrading mixed culture obtained from chlorophenol-contaminated soil (24, 47, 48) . Strains CG-1 and CP-2 were tentatively identified as Rhodococcus spp. (24) . All three bacterial strains were shown to degrade several polychlorinated phenols, guaiacols, and syringols (2, 19, 20, 24) . Media. For chemical analysis the bacteria were grown in DSM-65 medium (4 g of glucose per liter, 4 g of yeast extract per liter, 4 g of malt extract per liter; pH 7.2) (10) or in a mineral salts medium (43) enriched with vitamins (43), trace elements ( 9 , and 0.1% (wt/vol) glucose, 0.1% (wt/vol) mannose, or 0.1% (wt/vol) sorbitol as a carbon source; the cultures were incubated at 28°C. For nutritional screening of strains, we used a basal salts medium that lacked organic growth factors (36) and was solidified by adding 1.8% Difco agar. Each carbon source was added aseptically from a sterile concentrated solution to a final concentration of 0.2% (wt/vol). Lower concentrations of some aromatic compounds were also tested. Naphthalene was provided in the vapor phase by incubating plates in a desiccator with a few naphthalene crystals. Dilute suspensions of fresh bacterial cultures were inoculated by using a multiple-point inoculator. The plates were incubated at 30"C, and the results were recorded after 3,5,7, and 14 days by using an inoculated plate containing no carbon substrate for comparison. The results were recorded as follows: + (good growth), -(growth not greater than the background level), 2 (poor growth), and M (growth after mutation). Growth on hexadecane was tested in liquid medium to which a few drops of sterile hexadecane had been added. The flasks were incubated at 30°C on a rotatory shaker. Other physiological tests. Nitrate reduction and acid phosphatase and aryl sulfatase activities were determined by using the procedures described in Methods for General and Molecular Bacteriology (40) and Procedures for the Isolation and Identification of Mycobacteria (49) . We used a diagnostic kit (catalog no. 104; Sigma Chemical Co., St. Louis, Mo.) to determine acid phosphatase activity.
Cell wall sugars. Cell wall sugars were determined as alcohol acetylates by gas-liquid chromatography. A 2-mg portion of lyophilized washed cells was hydrolyzed in 100 pl of 0.1 M HCl at 100°C for 48 h. The hydrolysate was cooled and was then diluted with 2 ml of H20, neutralized with Amberlite IRA 410 resin (HC0,-form), and eluted through a column containing the same resin. The column was washed with 5 ml of H20, and the eluate was evaporated to dryness in a rotatory evaporator. The residue was dissolved in 200 pl of H20, 100 pl of 5% NaBH, (in 10 mM NaOH) was added, and the mixture was incubated overnight at room temperature in the dark. The sample was neutralized with 6 N HC1, 15 ml of 5% acetic acid in methanol was added, and the sample was evaporated to dryness in a rotatory evaporator (this procedure was repeated twice) and finally evaporated to dryness with 5 ml of pyridine. The residue was dissolved in 0.5 ml of pyridine, 0.5 ml of acetic anhydride was added, and the mixture was incubated for 30 min at 100°C. After acetylation the sample was evaporated to dryness twice, after 10 ml of methanol and then 5 ml of H 2 0 were added. The sample was finally dissolved in 5 ml of CHCl,, washed three times with H,O, and dried with Na2S0,. The acetylated reduced sugars were analyzed by gas-liquid chromatography with a model HP5880 gas chromatograph (Hewlett-Packard Co., Palo Alto, Calif.) equipped with a type HP-1 capillary column (Hewlett-Packard Co.) and a mass selective detector (model HP5970A; Hewlett-Packard Co.). D-Arabinose, D-galactose, D-glucose, and D-xylose were used as reference compounds for the sugar analysis.
Cell wall diamino acids. We used previously described procedures to analyze the amino acids of whole-cell hydrolysates (41) .
Mycolic acids. For the mycolic acid analysis, strain PCP-IT was grown in shake cultures at 28°C for 3 days in brain heart infusion broth (Difco), heat killed, harvested by centrifugation, and freeze-dried after the preparations were washed with distilled water. Mycolic acid methyl esters were prepared by whole-cell acid methanolysis as described by Minnikin et al. (32) or by alkaline methanolysis (33) . For acid methanolysis 50 mg of dry cell material was mixed with 5 ml of dry methanoltoluene-sulfuric acid (2525: 1, vol/vol/vol) and kept at 75°C overnight. After the preparation was cooled to room temperature, 1 ml of hexane was added, and the mixture was vigorously shaken. After phase separation, the upper hexane layer was passed through a Pasteur pipette filled with ammonium hydrogen carbonate to remove residual sulfuric acid. The eluate was evaporated under nitrogen to a final volume of approximately 100 pl for thin-layer chromatography (TLC). Alkaline methanolysis of whole-cell material was performed as described by Minnikin et al. (33) .
The acid methanolysates were analyzed by both one-dimensional TLC and two-dimensional TLC on high-performance Silica Gel 60 plates (catalog no. 5631; E. Merck, Darmstadt, Germany). One-dimensional TLC was carried out by developing the plates in petroleum ether (bp, 60 to 80°C)-diethyl ether (85:15, vol/vol) (31) . For two-dimensional TLC petroleum ether (bp, 60 to 80°C)-acetone (955, vol/vol) was used as the solvent for triple development in the first direction, and toluene-acetone (97:3, vol/vol) was used for single development in the second direction. The separated components were visualized by treating the plates with molybdatophosphoric acid (E. Merck) and then heating them at 120°C for 15 min.
Fatty acid analysis. Whole-cell fatty acids were analyzed as methanol esters by gas chromatography. The bacteria were grown on Middelbrook 7HlO agar for 7 days at 28°C. Then 40 to 80 mg (wet weight) of cells was harvested and saponified, and fatty acid methyl esters were prepared as described previously (30) . The analysis was performed by using a model HP5890A gas chromatograph (Hewlett-Packard Co.) connected to a computer and the MIDI Microbial Identification System (MIDI Inc., Newark, Del.) for identification of fatty acids (we used the Microbial Identification System library for mycobacteria [MIS MYCO Library]).
Polar lipids. Polar lipids were extracted, examined by twodimensional TLC, and identified by using previously described procedures (34) .
Menaquinones. Menaquinones were extracted from 150 mg of dried cells with chloroform-methanol (2:l) and were purified by TLC (Silica Gel 60; E. Merck) as described pre- viously (8) . The sizes of menaquinones were determined by reverse-phase TLC (RP-18; Fz4; E. Merck), using acetonewater (99:1, vol/vol) as the solvent (9), and by high-performance liquid chromatography (HPLC). The liquid chromatograph which we used consisted of a model 510 HPLC pump (Millipore Corp., Waters Chromatography Div., Milford, Mass.) a Waters model 700 satellite WISP sample injector, a model HP1050 Series multiple-wavelength detector (Hewlett-Packard Co.), and a Waters baseline chromatography workstation. For analysis, samples were dissolved in the mobile phase, filtered (nylon Acrodisk 13 filter; pore size, 0.45 pm; Gelman), and separated on a Cosmosil reverse-phase C18 column (particle size, 5 pm; 4.6 mm [inside diameter] by 150 mm; Nakarai Chemicals Ltd., Kyoto, Japan) by using a methanol-n-butyl chloride (80:20, vol/vol) solvent system at a flow rate of 1.0 ml/min. Menaquinones were detected at 269 nm (band width, 4 nm), and the reference wavelength used was 450 nm (band width, 80 nm). In a separate experiment isoprenoid quinones were extracted and purified by using the small-scale integrated procedure of Minnikin et al. (34) . Dried preparations were dissolved in 200 ~1 of isopropanol and 1-to 10-pl amounts were separated without further purification by HPLC by using a Lichrosorb RP-18 column at 40°C and acetonitrile-isopropa-no1 (6535, vol/vol) as the solvent (27).
DNA base composition. The cells from 100 ml of culture grown for 2 to 3 days were collected, washed with Tris-EDTA buffer (50 mM Tris-HC1, 20 mM EDTA; pH 8), and resuspended in 1 to 5 ml of the same buffer. Lysozyme was added to a final concentration of 2 mg ml-', and the suspension was incubated at 37°C overnight. The cells were lysed by adding 2% sodium dodecyl sulfate and incubating the preparation for 1 h. The DNA was precipitated by adding 0.1 volume of 3 M sodium acetate and 0.54 volume of isopropanol and then dissolved in dilute 1 X SSC (15 mM NaCI plus 1.5 mM sodium citrate, pH 7.0). Pronase was added to a concentration of 2 mg ml-', and the mixture was incubated for 4 h. The DNA solution was extracted once with 1 volume of phenol and 1 volume of chloroform. The DNA was precipitated with 2 volumes of ethanol (-20°C), redissolved in 1 X SSC, and then digested with RNase I (50 rJ.g ml-*) and RNase T, (30 U m1-l) for 30 min at 37°C. The phenol and chloroform extractions and precipitation with ethanol were repeated, and the DNA was dissolved in 1 X SSC. The DNA was digested with nuclease PI and bacterial alkaline phosphatase to the nucleoside level and was analyzed by HPLC as described by Kaneko et al. (26) , using a Cosmosil5C18 column (Nakarai Chemicals, Ltd.) and a Spectroflow 400 solvent delivery system (Kratos Analytical Instruments, Ramsey, N.J.).
Phage sensitivity testing. The clearing effect of Rhodococcus phages was studied by using a method modified from the method of Prauser (37) PCP-IT were grown overnight in DSM-65 medium, 0.2 ml of each overnight culture was suspended in 5 ml of melted DSM-65 soft agar (45"C), and then each preparation was spread on a DSM-65 agar plate. The phage suspensions were spotted onto plates in 6-pl amounts. The plates were incubated for 2 days at 28°C and then examined for clearing.
Microscopy. For light microscopy the strains were grown on DSM-65 agar, and morphology was studied daily for 1 week. Slide preparations were made by aseptically inverting a 1-cm2 slice of agar on a glass slide and then removing the agar slice and adding 1 drop of water. The bacteria were studied by phase-contrast microscopy by examining the wet mounts with a Jenaval Zeiss mf-AKS microscope (Carl Zeiss, Jena, Germa-For electron microscopy the strains were grown for 1 day on DSM-65 agar. Samples were prefixed with 3% (vol/vol) glutaraldehyde (Leiras, Turku, Finland) in 0.1 M sodium phosphate ny). buffer (pH 7.2) for 2 h, washed three times with the same buffer, and postfixed for 2 h in buffered 1% (wt/vol) osmium tetroxide. The specimens were dehydrated in a graded series of ethanol and propylene oxide preparations and were embedded in Epon LX-112 (Ladd). Thin sections were cut with a diamond knife on a LKB Ultrotome I11 ultramicrotome and were double stained with uranyl acetate and lead citrate. The grids were examined with a JEOL model JEM-1200EX electron microscope at an operating voltage of 60 kV.
RESULTS AND DISCUSSION
Colony and cell morphology. On DSM-65 agar strains PCP-IT, CG-1, and CP-2 formed yellow or orange, slightly mucoid colonies after 4 to 8 days of incubation. The morphological cycle determined for strains CG-1 and CP-2 when they were grown on DSM-65 agar is shown in Fig. 1 . The inoculum form was coccoid. After 1 day of incubation unbranched rods predominated, which after further incubation fragmented into cocci. Figure 2 shows electron micrographs of l-day-old cultures of strain CG-l. The cells were unbranched rods of varying lengths with diameters of 0.6 to 0.7 pm and were surrounded by a capsule-like material; this morphology was similar to strain PCP-IT morphology (1) . The strains were aerobic, and young cells were gram positive.
Wall chemotype. The cell walls of strains PCP-IT, CG-1, and CP-2 contained meso-diaminopimelic acid as a major constituent. The cell wall sugars were arabinose and galactose. Thus, the cell wall chemotype of these strains was type IV (29) .
Mycolic acids. The mycolic acids of strain PCP-IT were originally reported to contain 33 to 43 carbon atoms (l), and this strain was classified as a new Rhodococcus species. Our analysis of the mycolic acids of strains PCP-IT, CG-1, and CP-2 indicated that the mycolic acids of these organisms are 75 to 80 carbon atoms long, a characteristic that is diagnostic for members of the genus Mycobactenum.
The results of our two-dimensional analysis of whole-cell methanolysates (Fig. 3) indicated that strain PCP-IT produced a TLC pattern containing cx-mycolate (compound A), ketomycolate (compound C), and wax ester mycolates, as indicated by the cleavage products 0-carboxymycolates (compound D) and long-chain alcohols (compound E), homologs of 2-eicosanol. In addition, an unidentified long-chain compound (compound U), which may have been a long-chain alcohol, was detected after acidic hydrolysis as well as after alkaline hydrolysis.
Menaquinones. In our reverse-phase TLC analysis the menaquinones of strains CG-1 and CP-2 cochromatographed with the menaquinones of strain PCP-IT (Rf, 0.56 to 0.57), which contains MK-9(H2) as its major menaquinone. The Rf values of these menaquinones were lower than the Rfvalues of the menaquinones of R. rhodochrous [MK-8(H2)] (Rf, 0.60) and Nocardia brasiliensis [MK-8(H4 wcyc,)] (Rf, 0.58) and higher than the Rf value of the menaquinone of Saccharopolyspora hirsuta [MK-9(H4)] (Rf, 0.53). In our HPLC analysis the menaquinones of strains CG-1 and CP-2 cochromatographed with the menaquinone of strain PCP-IT. Thus, strains PCP-IT, CG-1, and CP-2 thus contain MK-9(H2) as their major menaquinone.
Fatty acids. The fatty acid profiles of strains PCP-IT, CP-2, and CG-1 were determined by using gas-liquid chromatography and the Microbial Identification System. The levels of the main whole-cell fatty acids are shown in Table 2 . The strains contained mainly straight-chain saturated and monounsaturated fatty acids with 14 to 20 carbon atoms, as well as substantial amounts of 10-methyloctadecanoic acid (tubercu- lostearic acid). The identities of the major fatty acids were also confirmed by gas-liquid chromatography-mass spectrometry.
The fatty acid profiles of strains PCP-IT, CP-2, and CG-1 did not match the profile of any of the rapidly growing mycobacteria in the MIS MYCO Library, including Mycobacterium aurum, Mycobacterium chelonae subsp. abscessus, Mycobacterium chelonae subsp. chelonae, Mycobacterium jlavescens, Mycobacterium fortuitum, Mycobacterium parafortuitum, Mycobacterium smegmatis, and Mycobacterium thermoresistibile. Polar lipids. Two-dimensional TLC of whole-cell extracts of PCP-IT, CG-1, and CP-2 produced identical patterns. Each pattern was composed of phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol, phosphatidylinositol, and phosphatidylinositolmannosides. Phosphatidylcholine and glucosamine-containing phospholipid were not detected. This phospholipid pattern is found in the families Nocardiaceae and Mycobacteriaceae but not in the Corynebacteriaceae (14) .
G+C content of DNA. The base compositions of the DNAs of strains PCP-IT, CG-1, and CP-2 were determined by HPLC by using R. rhodochrous DSM 43241T as the reference strain. The G+C content of strain CG-1 was 67.7 mol%, the G+C content of strain CP-2 was 67.5 mol%, and the G+C content of strain PCP-IT was 69.2 mol%. The G+C content determined for R. rhodochrous was 68.8 mol%, which is within the range reported for the species (67 to 70 mol%) (13) .
Physiological and growth characteristics. The physiological and growth characteristics of strains PCP-IT, CG-1, and CP-2 are shown in Table 3 . Growth occurred at 18,28, and 37"C, but not at 10 or 45°C; optimum growth occurred at 28°C. At 28°C growth occurred in the presence of 0.003 and 3% sodium chloride, but not in the presence of 7% sodium chloride. The list of substrates which we used for screening included a selection of biochemically important compounds which are either good substrates for a number of bacteria or are key intermediates in well-known biochemical pathways. We found that strains PCP-IT and CP-2 were very similar and that strain CG-1 differed from these strains in only a limited number of characteristics. Most of the variations were observed in substrates that were very poorly utilized. The nutritional spectra revealed the same limitations found in other related grampositive organisms. Despite their ubiquitous presence in many different habitats and their ability to survive under extreme conditions, the nocardioform actinomycetes do not approach the remarkable nutritional versatility with low-molecularweight organic compounds that the aerobic pseudomonads exhibit (15, 38, 42) . In nature the nocardioform actinomycetes may survive at the expense of compounds that are not normally utilized by the fast-growing organisms in natural environments.
Phage sensitivity. Rhodococcus phages IMET 5039, IMET 5042, and IMET 5046 caused lysis of their respective host strains. Phage IMET 5042 also caused clearing of R. coprophilus IMET 7375, and phage IMET 5046 also caused clearing of R. rhodochrous IMET 7018 and G. rubropertincta IMET 7372. Strains CG-1, CP-2, and PCP-IT were not sensitive to any of the phages.
Taxonomy. Strains PCP-IT, CG-1, and CP-2 have the major characteristics of the genus Mycobacterium. All three strains are gram positive, produce yellow or orange pigments, and have a coccus-to-rod-to-coccus morphological cell cycle. Strains PCP-IT, CG-1, and CP-2 have type IV cell walls as described by Lechevalier and Lechevalier (29) , which contain meso-diaminopimelic acid, arabinose, and galactose. Mycolic acids are present and contain 75 to 80 carbon atoms. The types of mycolic acids present include a-mycolates, keto-mycolates, and wax ester mycolates, which are characteristic of several mycobacteria, including Mycobacterium phlei, Mycobacterium avium, and Mycobacterium tewae (11, 33) . The predominant menaquinones are menaquinones with nine isoprenoid units and one hydrogenated double bond [MK-9(H2)]. The fatty acids include mainly straight-chain saturated and monounsaturated fatty acids with 10 to 18 carbon atoms and large amounts of 10-methyloctadecanoic acid (tuberculostearic acid). Our fatty acid analysis revealed no species match when the MIS MYCO Library was used. Combined with the phenotypic and nutritional characteristics shown in Tables 3 and 4, the characteristics described above indicate that strains PCP-IT, CG-1 and CP-2 can be distinguished from other rapidly growing Mycobacterium species (44, 50) . In addition, the nucleotide sequence of the 16s rRNA of strain PCP-IT exhibits a high level of homology with the 16s rRNA genes of mycobacteria, and the position of strain PCP-IT appears to be closer to mycobacteria than to the genus Rhodococcus (6) . We On: Wed, 05 Dec 2018 03:39:46 VOL. 44, 1994 Chemotaxonomic and growth characteristics of the M. chlorophenolicum strains are shown in Tables 2 through 4. The G + C contents of the DNAs range from 67 to 69 mol%. The genus Mycobacterium has a G + C content range of 62 to 70 mol% (14) . Growth of the M. chlorophenolicum strains occurs at 18 to 37"C, optimum growth occurs at 28"C, and no growth occurs at 10 or 45°C. Nutritional characterization revealed that the strains are very similar in their use of carbon sources ( Table 4 ). The strains which we studied are able to degrade several chlorinated phenols, guaiacols, and syringols (2, 19, 20, 24) , and they also 0-methylate various chlorinated phenolic compounds (24) ; however, there are some differences in substrate specificity. The M. chlorophenolicum strains, as well as a strain of M. fortuitum (35), degrade pentachlorophenol via two hydroxylations, followed by reductive dechlorinations, producing 1,2,4-trihydroxybenzene, which is mineralized to CO, (3, 4, 20, 22, 24, 45, 46) . Interestingly, these polychlorophenol-degrading strains did not utilize most of the nonhalogenated aromatic compounds which we tested ( Table 4 ).
Description of Mycobacterium chlorophenolicum comb. nov. The description below is based on data from reference 1 and on the additional information provided in this paper. Cells are gram positive and nonmotile and have a rod-to-coccus growth cycle in complex media. Colonies are yellow or orange and slightly mucoid. Growth occurs at 18, 28, and 37"C, but not at 10 or 45°C; optimum growth occurs at 28°C. Pentachlorophe-no1 and other polychlorinated phenolic compounds are degraded. The cell wall contains meso-diaminopimelic acid, arabinose, and galactose. Mycolic acids are present and contain 60 to 80 carbon atoms. Menaquinones with nine isoprenoid units and one hydrogenated double bond are predominant. The cellular fatty acids consist mainly of straight-chain saturated and monounsaturated fatty acids with 10 to 18 carbon atoms, and large amounts of 10-methyloctadecanoic acid are present. The G + C content of the DNA is 67.5 to 69.2 mol%. The type strain is PCP-I (= DSM 43826).
